Obese adults frequently exhibit a low-grade inflammation and insulin resistance, which have been hypothesized to be established early in childhood. Aim of this study was to evaluate the age-dependent relationships between inflammatory state and insulin resistance in obese adolescents and adults. Clinical and metabolic parameters, circulating adipokines (TNF-, adiponectin, and leptin), ghrelin, their leukocyte receptors (TNFR1, ADIPOR2, OBRL and GHSR1a), and acute phase reactants (CRP and white blood cells) were assessed in lean and obese adolescents compared with the adult counterparts. Only obese adults had higher HOMA-IR, insulin, and triglycerides compared to the lean group. An inflammatory state was present in obese adolescents and adults, as demonstrated by the higher values of CRP and neutrophils. There were no group differences in circulating levels of TNFand leukocyte expression of TNFR1. Adiponectin concentrations and leukocyte expression of ADIPOR2 were higher in the lean groups than in the corresponding obese counterparts. For leptin and leukocyte expression of OBRL, the results were opposed. Circulating levels of ghrelin were higher in lean adolescents and adults than the related lean groups, while there was a higher leukocyte expression of GHSR1a in (only) lean adults than obese adults. When the analysis was performed in (lean or obese) adults, TNF-, neutrophils, leptin, and GHSR1a were predictors of HOMA-IR. None of the considered independent variables accounted for the degree of insulin resistance in the adolescent group. In conclusion, a dissociation between the low-grade inflammation and insulin resistance is supposed to exist in the early phases of obesity.
Introduction
Obesity is considered a low-grade chronic inflammatory disease that may contribute to the development of insulin resistance [1] . Obese adolescents and adults are at higher risk for developing type 2 diabetes (T2D), cardiovascular disease, nonalcoholic fatty liver disease (NAFLD), osteoarticular diseases, and several forms of cancer [2] .
Materials and Methods

Subjects.
Obese male adolescents (age: 15.0±0.5 yrs; body mass index (BMI): 40.3 ± 2.2 kg/m 2 ) and adults (age: 36.5 ±1.9 yrs; BMI: 45.4 ± 1.3 kg/m 2 ) were recruited from the Istituto Auxologico Italiano, IRCCS, Verbania, Italy, where they were admitted for a multidisciplinary body weight-reduction intervention. All obese adults suffered from overweight and obesity since childhood. Exclusion criteria included previous diagnosis of any disease affecting the endocrine system and metabolism such as T2D, chronic use of medications affecting metabolism and/or appetite, and ≥5.0 kg weight change during the 3 months preceding the study participation. Healthy lean male adolescents (age: 14.3 ± 0.1 yrs; BMI: 20.5 ± 0.5 kg/m 2 ) and adults (age: 32.1 ± 2.7 yrs; BMI: 24.1 ± 0.8 kg/m 2 ) were recruited among friends/colleagues and their sons. Tanner stage was evaluated in all (lean and obese) adolescents with no intergroup difference.
The four experimental groups (obese and lean adolescents and adults) were socioeconomically homogenous when evaluated by a specific questionnaire [42] .
The study was approved by the local Ethic Committee. All subjects participated in this study after providing their free and informed consent. For subjects aged less than 18 yrs, the informed consent was provided by their parents.
Anthropometric Measurements.
Before blood sampling, height and weight were measured with the subject standing in light clothes and without shoes. The BMI was calculated as weight/height 2 (kg/m 2 ). Waist and hip circumferences were also calculated. All examinations were performed by the same investigator.
Blood Collection.
Following a 10-12-hour fast, blood was collected from all participants at 09:00 hours in a standardized fashion. Standard blood tests, such as white blood cell (WBC) count with differential, comprehensive metabolic profile including glucose, cholesterol, triglycerides, and insulin levels and CRP, were performed at the Clinical Laboratories of the Istituto Auxologico Italiano, IRCCS, Verbania, Italy. In addition to the blood samples used for the above-reported standard blood tests, a blood sample (about 40 mL) was drawn and placed immediately on ice. Plasma and serum were obtained after centrifugation and kept at −80 ∘ C for biochemical measurements (precisely TNF-, leptin, adiponectin, and ghrelin), while mononuclear cells were isolated by using a Vacutainer CPTTM (Becton Dickinson, NJ, USA), a sterile cell preparation tube with sodium citrate. Cells recovered from the layer just under the plasma layer were washed twice with PBS pH 7.4 and, after a last centrifugation, the pellet was suspended again by using an adapted amount of a specific buffer, which stabilizes cellular RNA (Ambion United Kingdom, distributed in Italy by Celbio, Milan). This cellular suspension was then stored at −80 ∘ C until RNA extraction (see below). Circulating levels TaqMan probe/primers specific for GAPDH (code no. AX-004253-00-0400), human TNFR1 (code no. AX-003934-00-0200), human ADIPOR2 (code no. AX-007801-00-0200), human OBRL (code no. AX-008015-00-0200), and human GSR1a (code no. AX-005513-00-0200) were purchased from Euroclone, Pero, Italy.
All PCR assays were performed in triplicate and the data were pooled. Before using the ΔΔ method for relative quantification, we performed a validation experiment to demonstrate that the efficiencies of target and reference were approximately equal.
The reaction conditions were as follows: 50 ∘ C for 2 min, 95 ∘ C for 10 min, followed by 40 cycles at 95 ∘ C for 15 s (denaturation) and 60 ∘ C for 1 min (annealing and elongation). As controls, we used the reaction mixtures without the cDNA.
Threshold cycle numbers ( ) were determined with an ABI PRISM 7000 Sequence Detection System (version 1.1 software) and transformed using the Δ (2 −ΔΔ ) comparative method. Gene-specific expression values were normalized to expression values of GAPDH (endogenous control) within each sample. The levels of mRNA of each receptor were expressed relative to the calibrator value of the same receptor in the corresponding lean (adolescent or adult) group (controls). Relative quantification was performed using the comparative method. The amount of target, normalized to an endogenous reference and relative to a calibrator, is given by 2 −ΔΔ . Briefly, the Δ value is determined by subtracting the average GAPDH value from the average receptor value in the same sample; the calculation of ΔΔ involves subtraction of the Δ calibrator value.
Biochemical
Measurements. Plasma concentrations of adiponectin and leptin were measured by two commercially available radioimmunoassay (RIA) kits (Millipore, St. Charles, MO, USA). For adiponectin the sensitivity of the method was 1 ng/mL; intra-and interassay coefficients of variation (CV) were 1.78-3.59% and 6.90-9.25%, respectively; for leptin the sensitivity of the method was 0.44 ng/mL; intraand interassay CV were 3.4-8.3% and 3.0-6.2%, respectively.
Plasma TNF-concentrations were measured by an enzyme-linked immunoabsorbent assay (ELISA) kit (IBL International GmbH, Hamburg, Germany). The limit of detection of the method was determined to be 5.0 pg/mL. Intra-and interassay CV were 2.0-14.9% and 4.1-14.0%, respectively.
Total immunoreactive ghrelin concentration was determined with a commercial RIA kit (Millipore, Research Park Drive, St. Charles, MO, USA). The lower and upper detection limits were 93 pg/mL and 6000 pg/mL, respectively, whereas intra-and interassay CV (at 1500 pg/mL) were 3.3% and 17.8%, respectively.
IGF-1 concentrations were determined by the commercially available immunometric chemiluminescence assay Immulite 2000 (DPC; Los Angeles, USA). Intra-and interassay CV were 2.9% and 7.4%, respectively. The sensitivity of the assay was 20 ng/mL. Plasma glucose, (total) cholesterol, and triglycerides were determined by commercial colorimetric methods (Sigma Diagnostics, St. Louis, MO, USA).
Serum concentrations of insulin were measured by immunometric chemiluminescence (Immulite 2500, DPC; Los Angeles, USA); the sensitivity of the method was 2 IU/mL; intra-assay and interassay CV were <5.5% and <7.3%, respectively.
A high-sensitivity immunochemiluminescent method was used to measure serum levels of CRP (Immulite 2500, DPC; Los Angeles, USA), the analytical sensitivity being 0.01 mg/dL. The intra-assay and interassay CV were <8.7% for both parameters.
For each biochemical parameter, all of a single subject's samples were run in the same assay and the order of tubes in the assay was randomized.
Statistical
Analysis. Data were presented as mean ± SEM (standard mean error).
As conventionally established, the sample size was determined for giving 80% power at the 0.05 level of significance (two-sided). The expected mean difference of one adipokine (precisely, fasting leptin levels, i.d., ∼20 ng/mL) between lean 5.3 ± 0.9 3.7 ± 0.5 3.8 ± 0.6 3.3 ± 0.5
4.6 ± 0.5 and obese groups and the estimated standard deviation of the same variable (i.d., ∼3.0 ng/mL) were deducted from the results reported in [20] and on the basis of our personal previous experiences. The Shapiro-Wilk test was used to test data normality. One-way ANOVA, followed by Bonferroni's test, was used to investigate group differences in demographic, clinical, inflammatory, metabolic, and endocrine parameters. Exploratory analyses of all data were conducted by using Pearson's correlation to investigate whether TNF-, adiponectin, leptin, and ghrelin, their related receptors (TNFR1, ADIPOR2, OBRL, and GHSR1a) acute phase reactants (CRP and white blood cells), and HOMA-IR were associated with all other parameters. To formally test whether levels of the adipokines, ghrelin, their receptors, and inflammatory markers accounted for the degree of insulin resistance, backward stepwise linear regressions were calculated with HOMA-IR as dependent variable and TNF-, adiponectin, leptin, and ghrelin, their related receptors (TNFR1, ADIPOR2, OBRL, and GHSR1a), acute phase reactants (CRP and neutrophil granulocytes), BMI, and age as independent variables in the entire population (lean and obese adolescents and adults) and in the two groups of (lean or obese) adolescents and adults. Data were analyzed using SPSS for Windows version 19.0 (SPSS, Inc., Chicago, IL, USA). A < 0.05 was considered statistically significant.
Results
Demographic, clinical, inflammatory, metabolic, and endocrine data of the whole population recruited in the study are reported in Table 1 .
As expected, obese adults had significantly higher HOMA-IR and fasting insulin and triglycerides values compared to the corresponding lean group. Although not statistically significant, higher HOMA-IR, fasting insulin, and triglycerides values were also found in obese adolescents when compared to those of the corresponding lean group (Table 1 ).
An inflammatory state was present in obese subjects, both adolescents and adults, as demonstrated by the significant higher values of CRP and neutrophil granulocytes (only absolute number) ( Table 1) .
There were no group differences in circulating levels of TNF-and leukocyte expression of TNFR1 (Figures 1 and  2 ). Adiponectin concentrations were significantly higher in International Journal of Endocrinology the lean groups than in the corresponding obese counterparts; interestingly, obese adolescents had higher levels of this adipokine than obese adults (Figure 1 ). Also leukocyte expression of ADIPOR2 was significantly higher in the lean groups than in the corresponding obese counterparts; irrespective of BMI, adolescents had higher leukocyte mRNA levels of ADIPOR2 than adults ( Figure 2 ). As expected, leptin concentrations were significantly higher in obese (adolescent and adult) groups than in the lean counterparts, whereas there was a lower leukocyte expression of OBRL in obese adolescents or adults than in the corresponding lean groups (Figures 1 and 2 ). Opposed to these results, circulating levels of ghrelin were significantly higher in lean adolescents and adults than in the related obese groups, while there was a higher leukocyte expression of GHSR1a in (only) lean adults than in obese adults (Figures 1 and 2) . Tables 2-4 summarize all significant correlations of TNF-, adiponectin, leptin, and ghrelin, their related receptors (TNFR1, ADIPOR2, OBRL, and GHSR1a), acute phase reactants (CRP and white blood cells), and HOMA-IR with all other parameters. Among these results there were the correlations of adiponectin with neutrophil granulocytes, ghrelin, and leptin, of ghrelin with insulin, lymphocytes, monocytes, and leptin, of leptin with CRP, insulin, and all leukocyte subpopulations, and of TNF-with IGF-1, neutrophil granulocytes, lymphocytes, and leptin (Table 2) . Leukocyte expression of TNFR1 was positively and negatively correlated, respectively, with those of ADIPOR2 and GHSR1a, while circulating levels of leptin were negatively correlated with mRNA levels of OBRL in leukocytes (Table 3) . Finally, HOMA-IR was correlated positively with neutrophil granulocytes but negatively with leukocyte expression of ADIPO-R2 (Table 4) .
Findings from the above (bivariate) correlation analysis were further explored using the stepwise multiple linear regression analysis with HOMA-IR as a dependent variable. When all data (i.e., lean and obese adolescents and adults) were considered, TNF-( = 0.27, < 0.01) and neutrophil granulocytes (absolute number) ( = 0.36, < 0.01) were the only significant predictors of HOMA-IR. When the analysis was performed in (lean or obese) adults, in addition to TNF-( = 0.34, < 0.01) and neutrophil granulocytes (absolute number) ( = 0.43, < 0.01), also leptin ( = 0.51, < 0.01) and GHSR1a ( = 0.41, < 0.01) were significant predictors of HOMA-IR. Interestingly, none of the considered independent variables (i.e., adipokines, ghrelin, their receptors, inflammatory markers, BMI, and age) accounted for the degree of insulin resistance in the adolescent group.
Discussion
Over the last two decades, our view of adipose tissue has been changed from that of an "inert" storage tissue to an "active" endocrine organ able to secrete a number of adipokines, such as adiponectin, TNF-, and leptin, which are reported to exert potent neuroimmunoendocrine effects [43] [44] [45] .
Reportedly, obesity promotes a state of chronic low-grade inflammation, which is reflected not only by an increased production of pro-inflammatory cytokines and adipokines by adipose tissue but also by a cellular component, which is represented by macrophages whose number is dramatically increased in obesity. Thus, local synthesis and release of chemoattractants that enhance the homing of monocytes to adipose tissue depots are thought to induce adipose tissue inflammation [46] .
The development of T2D is characterised by two processes: (1) insulin resistance, resulting from impaired insulin signalling and leading to an increased demand for insulin, which must be met by increased insulin production by pancreatic cells (compensatory -cell function); (2) -cell dysfunction, with T2D developing when the amount of insulin that is produced is insufficient to meet the demand [47] .
The low-grade inflammation found in overweight and obesity, especially in case of abdominal fat accumulation, has been implicated in -cell dysfunction and induction of insulin resistance [1, 48] .
Differently from the situation in obese adults, the pathophysiology of inflammation has not been fully studied in obese adolescents and also no clear-cut consensus exists on the temporal establishment of insulin resistance [39] [40] [41] .
The population recruited in the present study was composed of lean and obese adolescents and adults. It is noteworthy that only obese adults had significantly higher insulin levels and HOMA-IR values than the corresponding lean group, while in obese adolescents the statistical significance was not reached because of a widespread variability of the same metabolic parameters, which is well known in paediatric literature [49, 50] .
International Journal of Endocrinology 7 Most studies in obese paediatric population show consistent increases in CRP, but not in TNF-, which is frequently reported to be elevated in obese adults [5, 39, 51] . In the present study, irrespective of CRP, which was higher in obese adolescents and adults compared to the lean counterparts, there were no group differences in circulating levels of TNFand leukocyte expression of TNFR1, which is one of the receptors to which this cytokine binds [52] . These findings are not surprising because other works found similar circulating levels of TNF-in lean and obese subjects [53, 54] , one reason being the combination of extremely low concentrations of this cytokine and the sensitivity of the analytical method [55] . Anyway, the lack of any group difference in TNF-does not damper the potential pathophysiological role of this cytokine.
In fact, when all data (i.e., lean and obese adolescents and adults) were pooled in the analysis of stepwise linear regression, TNF-and neutrophil granulocytes were significant predictors of HOMA-IR. Interestingly, TNF-and neutrophil granulocytes still accounted for the degree of insulin resistance in the adult but not in the adolescent group. Based on these findings, one might argue that TNFplays a key role in low-grade inflammation-inducedcell dysfunction that precedes the overt insulin resistance in obese adults [5, 56] . The adolescents recruited in the present study may have been obese for a relatively short time (which corresponds to their young age, i.e., 10-15 years). If inflammatory cytokines are the result of macrophage infiltration into the adipose tissue [46] , it is possible that more time is required for this infiltration and the deleterious effects of TNF-to occur. Thus, a dissociation between low-grade inflammation and insulin resistance appears to be present in obese adolescents [39] .
This study has confirmed that the long leptin receptor splice variant (OBRL) is expressed in blood mononuclear cells from lean and obese subjects [25] . Obese adolescents and 
.: absolute number (10 9 /L).
adults had lower relative expression levels of OBRL mRNA transcripts compared with lean counterparts. Interestingly, there was an overall significant inverse correlation of leptin receptor transcript with the BMI and the circulating leptin levels, suggesting that the degree of adiposity and/or the elevation in leptin levels might influence the gene expression of OBRL.
Assuming that the downregulation of OBRL reflects a similar reduction in leptin receptor numbers on the cell surface (i.e., mRNA versus protein levels), this might contribute to the apparent leptin resistance of obese individuals. In support of this intriguing hypothesis, there is experimental evidence to suggest that the expression of leptin receptor(s) is sensitive to both genetic and physiologic interventions that cause a change in circulating leptin levels [57, 58] . In this context, ob/ob mice that lack leptin have elevated levels of total leptin receptor expression [57] .
In the present study, there was no difference in leukocyte expression of OBRL between obese adolescents and adults, this finding being expected because of the similar high leptin levels in both obese groups. While HOMA-IR was not associated with OBRL, leptin was a predictor of HOMA-IR only in obese adults. Therefore, the downregulation of OBRL in obese subjects seems to be only a consequence of the high leptin levels, whereas leptin should be considered a determinant factor in worsening of insulin resistance in obese adults. This is congruent with the well-known association of hyperleptinemia with insulin resistance [59] . The correlations of leptin with CRP and white blood cells, which were found also in the present study, confirm the implication of this peptide in sustaining the low-grade inflammation and, ultimately, -cell dysfunction in obesity [56] . Anyway, these correlations could also be due to any other metabolic factors related to hyperleptinemia actually present in obesity.
Ghrelin has been reported to promote GH release and regulate energy metabolism [60] . Furthermore, ghrelin may play a role in energy balance, glucose and lipid metabolism, and blood pressure regulation [61] . These physiological functions can explain the associations of low serum ghrelin levels with insulin resistance, T2D, and blood hypertension in general population [62] as well as carotid atherosclerosis in older people with metabolic syndrome [63] [64] [65] . Although there are few studies in animal models and humans to indicate that ghrelin has any anti-inflammatory effect [66] , progression of the low-grade inflammation in obesity might be accelerated by decrease in circulating levels of ghrelin and/or GHSR1a-mediated signalling in immune cells. In the present study, as expected, obese subjects had significantly lower levels of ghrelin than the corresponding lean groups; anyway, only obese adults exhibited an upregulation of GHSR1a in leukocytes. While ghrelin was negatively correlated with insulin, leukocyte expressions of GHSR1a and TNFR1 were inversely correlated. Importantly, GHSR1a was a predictive factor of HOMA-IR in obese adults, but not in obese adolescents. These findings would suggest the establishment of a (deleterious?) compensatory mechanism mediated by GHSR1a in obese adults to overcome the reduced levels of ghrelin, an allegedly diabetogenic peptide [67] .
Adiponectin is a versatile cardiovascular protective factor, which plays an important role in regulating insulin sensitivity and energy homeostasis, with antiinflammatory and anti-atherosclerotic properties [7] . Gene expression of this adipokine is downregulated in both obesity and T2D [68] . Hypoadiponectinemia is an independent risk factor for CAD in T2D [69] . Under pathological conditions, including obesity and T2D, hypoxia, oxidative stress, and inflammation suppress adiponectin secretion from adipose tissue [70, 71] . Interestingly, exogenous supplementation of recombinant adiponectin attenuates insulin resistance, improving metabolic disorders [69] .
In the present study, circulating levels of adiponectin were lower in obese subjects compared to the lean groups; furthermore, obese (but not lean) adolescents had higher International Journal of Endocrinology 9 adiponectin levels than the corresponding adult group. As no age-dependence of adiponectin levels was found, a persistent obese state might be involved in the reduced secretion of this adipokine in the adult age or, alternatively, the markedly low adiponectin levels might explain the hyperinsulinemia and the higher HOMA-IR values in obese adults when compared to the obese adolescents.
Leukocyte expressions of ADIPOR2 were significantly higher in the lean groups than in the corresponding obese counterparts, indicating an obesity-related downregulation of this receptor, which, combined with the hypoadiponectinemia, might explain the establishment of insulin resistance in obese adults. Along this view, the findings that adiponectin and ADIPOR2 were negatively correlated, respectively, with white blood cells and HOMA-IR would suggest the existence of a link among adiponectin signalling, low-grade inflammation, and insulin resistance [69] .
In accordance with the negative correlation of ADIPOR2 with age, (lean or obese) adolescents had higher leukocyte mRNA levels of this receptor than (lean or obese) adults. Furthermore, the correlations of ADIPOR2 with leptin, and TNFR1 or of adiponectin with ghrelin and leptin would indicate a crosstalk among adipokines and the related receptors, although other metabolic factors might be decisive for altered secretion of ghrelin, leptin and adiponectin as well as for the altered expression of ADIPOR2 and TNFR1 [72] . Alterations of a single component of the adipokine system would provoke deleterious effects at systemic levels, particularly on glucose metabolism [73] .
In the present study, many correlations of adipokines, ghrelin, and the related receptors with anthropometric and metabolic parameters were found. With these associations being well known in the literature, no further discussion is necessary. Anyway, some correlations, including those of GHSR1a with height or of IGF-1 with TNF-, appear to be of great interest, but their discussion is beyond the aims of the present study.
Before closing, some limitations of the present research need to be mentioned. First of all, only a limited number of adipokines/cytokines/peptides and related receptors were investigated; anyway, the adipokine profiling that was defined in the present study is sufficient to suppose the existence of a dissociation between insulin resistance and low-grade inflammation in obese adolescents and of an unbalance of pro-and anti-inflammatory factors in obese adults, who are at high risk to develop insulin resistance and T2D. Second, receptor expression was evaluated in leukocytes, which are easily isolated from whole blood; anyway, biopsy specimens from adipose tissue or hypothalamus, which would have provided more information, represent an invasive or impracticable approach; the notion that leukocytes include monocytes from which adipose macrophages are derived should be recalled. Third, the results should be cautiously interpreted because they are only based on statistical considerations, which do not actually imply any form of causation. Finally, the present study is cross-sectional and only two distinctive obese (not-diabetic) groups (i.e., adolescents and adults) were recruited. A long-term prospective study, including obese adolescents with at least 20-year followup, would allow us to better evaluate the role of the single adipokines and the receptor changes in the pathophysiology of insulin resistance and T2D, but this is, obviously, difficult to conduct not only for economic reasons.
In conclusion, this study demonstrates that obese adults exhibit alterations in circulating levels of some adipokines (particularly, adiponectin and leptin) and ghrelin and in leukocyte expressions of the related receptors (i.e., ADI-POR2, OBRL, and GHSR1a), which sustain a low-grade chronic inflammation as demonstrated by their associations with some acute phase reactants, including CRP and white blood cells. In the same group TNF-, leptin, GHSR1a, and neutrophil granulocytes are predictive factors of HOMA-IR. Since none of the adipokines tested, ghrelin, the related receptors, and acute phase reactants are associated with HOMA-IR in obese adolescents, a dissociation between the low-grade inflammation and insulin resistance is supposed to exist in the early phases of obesity.
Based on these remarks, any effort, including diet, exercise, and pharmacological intervention, should be made in paediatric obese population to early contrast the lowgrade inflammation and to avoid the occurring of an overt insulin resistance. Novel pharmacological strategies, including adipokine agonist/antagonists or anti-inflammatory drugs, might be of valuable interest in this context [72, 74] .
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